The implementation of the Montreal Protocol, the Clean Air Act, and the Pollution Prevention Act of 1990 has resulted in increased awareness of organic solvent use in chemical processing. The advances made in the search to find "green" replacements for traditional solvents are reviewed, with reference to solvent alternatives for cleaning, coatings, and chemical reaction and separation processes. The development of solvent databases and computational methods that aid in the selection and/or design of feasible or optimal environmentally benign solvent alternatives for specific applications is also discussed. -Environ Health Perspect 106(Suppl 1):253-271 (1998). http.//ehpnetl.niehs.nih.gov/docs/1998/Suppl-1/253-271sherman/abstract.html
Introduction
Solvents, defined as substances able to dissolve or solvate other substances, are commonly used in manufacturing and laboratory processes and are often indispensable for many applications such as cleaning, fire fighting, pesticide delivery, coatings, synthetic chemistry, and separations (1) . Billions of pounds of solvent waste are emitted to the environment annually, either as volatile emissions or with aqueous discharge streams (2) . Many of these solvents are known to upset our ecosystems by depleting the ozone layer and participating in the reactions that form tropospheric smog. In addition, some solvents may cause cancer, are neurotoxins, or may cause sterility in those individuals frequently exposed to them. While contained use of these solvents would be acceptable from both an environmental and a health perspective, such operations are difficult to achieve, and alternative solvents are currently being sought to minimize the problems inherent in solvent release to the environment.
As our awareness and understanding of how solvents affect the environment and human health grow, so do the regulations that govern use of these chemicals ( Figure  1 ). Government agencies such as the Occupational Safety and Health Administration (OSHA) have been installed to protect workers from solvent exposure. Indeed, OSH-A has implemented strict regulations, called permissible exposure limits (PEL), for chemical concentrations to which one may be exposed without detrimental health effects. Examples of the PEL values, as well as health effects for a variety of solvents, are listed in Table 1 .
Other regulations aim at protecting the environment, which in turn has a positive impact on human and animal health. One of the most stringent laws in this regard is the Montreal Protocol, which has banned the manufacture and use of stratospheric ozone-depleting solvents. Solvents restricted under this law are categorized as Class I or Class II compounds, many of which are listed in Table 2 . Class I compounds have already undergone a major phase-out, whereas Class II compounds will be completely phased out of use by 2030.
Hazardous air pollutants such as hexane and methanol are regulated under the Clean Air Act (CAA) (3) . Volatile organics, defined by the the U.S. Environmental Protection Agency (U.S. EPA) as compounds that evaporate at the temperature of use and react with oxygen to form tropospheric ozone, are also restricted under the CAA. Further, the Toxic Release Inventory Bill requires solvent users to record their releases and waste carefully. A summary of many of the regulations at the federal, state, and local levels is found in a review by Breen and Dellarco (4) .
The Pollution Prevention Act of 1990 propelled these regulatory issues to the forefront of process design by suggesting ... the use of materials processes or practices that reduce or eliminate the creation of pollutants or waste at the source. It includes practices that reduce the use of hazardous materials, energy, water or other resources and practices that protect natural resources through conservation or more efficient use. (5) The U.S. EPA followed this Act by compiling a list of 17 priority pollutants, induding some solvents and heavy metal compounds, (200) . Abbreviations (7, 8) . New inherently more selective for the compound of interest have been investigated (9, 10) . Adjustments can be made to process equipment to protect against fugitive emissions (11) . Process integration techniques have been effective in minimizing waste generation and optimizing solvent recovery and recycling (10, (12) (13) (14) (15) . Solvent replacement techniques have also come to the forefront as many solvents are banned or discouraged from industrial use. In this case the only option is to find an alternative solvent. The impact these regulations and methods have had on solvent use is seen clearly in Figures 2 and 3 . Over the past 10 years the use of both hydrocarbon and chlorinated solvents has declined with only a minor increase in consumption of oxygenated solvents. In addition, while process solvents, consumer products, and various miscellaneous applications have exhibited fairly constant solvent consumption, the cleaning and coatings industries have markedly decreased solvent use over the last decade. A more detailed breakdown of U.S. solvent consumption can be found in an editorial by D'Amico (16) .
The purpose of this review is to bring together research efforts in the quest to find "green" replacements for traditional solvents used in chemical processing. The first section discusses advances in solvent alternatives for cleaning, coatings, and synthetic processes such as reaction and extraction. The second section details advances in the development of solvent databases and computational methods that aid in the selection and/or design of feasible or optimal environmentally benign solvent alternatives for specific applications. Though important, halon substitutes for fire fighting do not fall into the category of chemical processing and will not be discussed here; readers are directed to a monograph by Mizolek and Tsang (17) for a comprehensive review of the challenges and progress in finding halon replacements. Table 3 . Within each of these industrial sectors, operations may be categorized as vapor degreasing, cold cleaning, or spot cleaning. Spot cleaning is a simple operation where an item is hand wiped with a solvent-soaked cloth to remove contaminants. Cold cleaning is usually performed by submerging the item to be cleaned in an ambient temperature solvent bath. As the item soaks, the contaminants dissolve in the solvent. These solvent baths have a limited lifetime because of contaminant accumulation. Vapor degreasing, on the other hand, is performed at high temperatures. The solvent is heated and the vapor contacts the article to be cleaned, condensing on it, and solvating the contaminants. The high temperature affords increased contaminant solubility. The solvent vapor remains contaminant free, but contaminants build up in the condensed liquid. The choice of solvent and cleaning method depends heavily on the material of which the part to be cleaned is composed, chemical nature of the contaminant (often a grease or oil), geometry constraints of the item (i.e., small holes or bends and twists), and cleanliness criteria (18) .
Historically, chlorinated solvents were preferred for cleaning applications because they are nonflammable, an important consideration if the cleaning process requires high temperatures such as in vapor degreasing. Of these, 1,1,1-trichloroethane (TCA) was the most widely used, but it has been found that 1,1,2-trichloro-1,2,2-trifluoroethane (CFC-1 13), trichloroethylene (TCE), perchloroethylene (PERC), and methylene chloride work well for such applications. However, under the Montreal Protocol and the CAA most of these solvents are restricted, forcing many processes to employ more environmentally friendly alternatives. Because there are so many considerations in choosing a cleaning solution, a universal "drop-in" replacement usually does not exist (16, 19 (22) . They have been shown to be as effective as CFC-113 in removing solder flux from electronic assemblies when used in an azeotropic mixture with methanol (23) . These compounds have also been investigated in their "neat" form for the same purpose (24) . Although they are effective cleaning solvents, HCFC and HFC compounds are considerably more expensive than CFC compounds, ranging from 2 to 5 times the cost because they require up to five synthetic steps to make versus one for many CFC compounds (25) . Furthermore, HCFCs will be phased out by 2030, requiring those who use them to turn to other alternatives (26) .
Perfluorocarbons are nonozone depleting but have long atmospheric lifetimes. They are suitable for some precision cleaning processes, as they effectively remove particles and aid in drying (27) . Newly introduced fluoroiodocarbons, which are nonflammable, noncorrosive, and appear to be nonozone depleting, are also emerging as possible replacements for CFCs (28) . Some advocate using methylene chloride, PERC, and trichloroethylene as replacements for TCA and CFC compounds (29 (34) .
Sometimes a two-step process is necessary to match the performance of chlorinated solvents. Marino (35) (19) .
Aqueous solvents have also found a niche in replacing chlorinated cleaning solvents in applications such as printed circuit boards, turbine blades, advanced composites, and automotive motor housings (45) . Table 4 compares the physical properties of assorted aqueous cleaning formulations with those of common chlorinated solvents. These solvents contain additives such as rust inhibitors, surfactants, or chelating agents and work best if they are slightly alkaline (46) . They clean with similar effectiveness and have the advantage of being easier to recycle and reuse than conventional solvents. In an aqueous environment the "soil" will float to the top and may be skimmed off, as opposed to conventional solvents where the soil and solvent remain homogeneous and requireg energy for separation (47 Not only are VOCs typically used in the coating industry, but they are used in large quantities, and the nature of the industry is such that solvent containment is much more difficult than in other areas of solvent usage. Consequently, solvent releases into the environment can be substantial. Figure 2 indicates that the coatings industry is the largest solvent consumer, using 7.5 billion pounds of solvent in 1992 alone. The large quantity of and long-term exposure to solvents that many painters face may cause chronic central nervous systems effects, cancer, and hematologic disorders (63 Table 6 .
One of the main challenges in reducing the amount of solvent in a formulation is maintaining a manageable viscosity. Paint formulations with solids compositions up to 70% may still be thin enough to spray or roll, especially if application is done at a high temperature. Coatings that use natural oils such as linseed, tung, and soybean oil are often classified as high solids coatings and are prevalent in the history of coatings (65) . In this case an oil is dispersed in a small amount of hydrocarbon solvent and as the solvent evaporates, the oil polymerizes on exposure to oxygen. However, purely oil-based paints such as these often discolor and are not durable; this has prompted the development of synthetic resins for high solids applications.
Many of the classes of resins listed in Table 5 may be used in high solids coating formulations. However, to attain coatings that contain less than 30% solvent, modifications must be made to the binders used in conventional formulations. This is accomplished by using lower-molecularweight resins that undergo cross-linking reactions as the paint cures or by using resin polymers that have narrow molecular weight distributions. Some difficulties such as slow physical drying and film shrinkage are encountered when adjusting the polymer in this manner. However, these difficulties can be minimized by optimizing the formulation and cure conditions. For example, Bittner and Epple (66) demonstrated that polyurethane paint prepared in a high solids formulation using resin of low molecular weight and narrow-size distribution dries with similar hardness and homogeneity if dried at 80°C rather than at ambient temperatures.
Modifying the molecular structure of the resin, e.g., by using branched resins (65) , results in polymers with lower intrinsic viscosities. In turn, the coating formulation requires less solvent to reach a certain viscosity. In addition, it can be advantageous to pay close attention to the different monomer types used in a copolymer resin. For example, Sullivan (67) outlines using 2-methyl-1,3-propanediol to improve the flexibility of high solids polyester coatings, while reducing solvent usage. Another example of viscosity reduction is the use of silicon-based monomers in place of carbon-based monomers for the synthesis of polyester resins (68) .
A related approach to high solids coatings is to incorporate a reactive chemical as the solvent. This allows control of the coating viscosity during application but minimizes the VOCs released because the solvent is cross-linked into the coating (69) (70) (71) (72) (73) (74) . Reactive diluents take many forms, sometimes even as a natural oil as in the case discussed by Dirlikov et al. (75) and Banov (76) .
Of course, benign solvent use is encouraged in addition to quantity reduction. For example, VMSs similar to those described for cleaning have been used in three different high solids silicone paints, resulting in a VOC reduction without compromising film quality (77) . Finally, the need for polymers with specifically tailored low molecular weights and distributions for effective high solids coatings has resulted in a variety of new polymerization initiators, synthetic techniques, and crosslinking additives (78) (79) (80) (81) .
Aqueous Formulations
Waterborne coatings offer another set of options as they provide a safe, nontoxic, and environmentally benign method to dramatically reduce or eliminate volatile organic solvents. In addition, they are usually inexpensive and come in liquid form. Waterborne coatings, primarily in the form of latex paints, have been prevalent since the 1950s but were deficient in many areas such as flow behavior (because of their nonNewtonian nature), drying properties, glossiness, corrosion, and foaming (82) . However, strict environmental regulations and concern for worker exposure have focused attention on these types of coatings and research is targeted at improving the durability and application of water-based coatings (83, 84) . Waterborne paints are applied by spraying, rolling, etc., but as with cleaning operations, the process usually requires some extra time and equipment to allow the coating to dry properly because of the high latent heat of water vaporization. The advantages and drawbacks of aqueous formulations are summarized in Table 7 .
Waterborne paints fall into two general classes: water-reducible coatings and emulsions. Water-reducible coatings consist of binders that can be dissolved in water. The high polarity of water limits the range of resins compared to that for resins that can be used for high solids applications because of solubility difficulties. Resin dasses that have been used successfully include epoxies, acrylics, polyesters, and polyurethanes. These resins differ from their solvent-borne counterparts used in high solids coatings through the addition ofextra hydrophiic groups such as carboxylic acids and amines. General overviews ofwater-reducible polymers have been outlined (85, 86) .
If desired paint properties cannot be obtained using water-soluble resins, formulations using a surfactant to emulsify appropriate resins may be effective. These are often referred to as latex paints. The polymer is most commonly based on acrylate esters, vinyl acetate, or copolymers with styrene. The polymeric resin is prepared in situ in an emulsion polymerization resulting in a latex-type paint. The emulsions may contain up to 15% organic solvent as a stabilizer resulting in a low VOC coating. It is also worth mentioning that many waterreducible coatings contain small amounts of a co-solvent such as a glycol ether or alcohol to aid in coating handling (86) .
Specific examples of tailored resins for waterborne coatings abound. Two-pack polyurethane paints have been developed that exhibit film properties comparable to those of solvent-borne polyurethane coatings (66, 87) . Waterborne polyurethanes that have the performance of solvent-based systems can also be made via tailored (114) (115) (116) , as have asymmetric phase transfer reactions (117) .
Another approach is to perform the reaction at the organic-aqueous interface. Reagents are moved from the organic to the aqueous phase but remain localized near the interface, and thus the reagents need not be significantly water soluble. Catalysts are either solvated homogeneously in a supported thin aqueous film or at the interface by surface active ligands (118) (119) (120) . The use of the bulk organic solvent can be avoided completely by exploiting the properties of aqueous surfactant solutions in which the surfactants aggregate to form micelles consisting of apolar cores comprised of the hydrophobic tail groups stabilized by coronae formed by the hydrophilic surfactant heads (121, 122) . The apolar core plays the role of the organic solvent, whereas the palisade layer can provide a medium of intermediate polarity. The literature in this area is vast, but only a few of these studies specifically address the use of these aqueous micellar solutions as replacements for traditional organic solvents. For example, Monflier showed that solvent-free telomeriztion of butadiene with water to form octadienols could be carried out effectively in the presence of a nonionic surfactant; the conventional process is performed in the solvent sulfolane (123) . Replacement of the organic phase with surfactants to exploit micellar phase transfer catalysis principles was reported recently by Rathman et al. (124) for the alkylation of phenol and aniline. This group had previously demonstrated the synthesis of a surfactant by micellar autocatalysis, whereby the surfactant product itself catalyzes the reaction (125) .
In some cases even the use of micellar solvent phases can be avoided and the reactions can be carried out in an entirely aqueous medium. For (130, 133, 134) . Most recently, Desimone's group has investigated this medium for precipitation polymerization of acrylic acid (135) , synthesis of poly(2,6-dimethylphenylene oxide) (136) , free radical telomerization of tetrafluoroethylene (137), cationic polymerization of vinyl and cyclic ethers (138) , and dispersion polymerization of styrene (139) . It has been found that fluorination and the formation of micelles with fluorinated surfactants enhance polymer solubility in SCCO2 (139, 140) . SCCO2 has been used as a solvent for homogeneous catalytic hydrogenations (141, 142) , and Burk et al. (143) have shown it to be a good medium for asymmetric hydrogenations.
Altemative Solvents for Separation Processes
The application of organic solvents and organic solutions with carrier compounds for the separation of organic substances and metal ions from different sources is well known. These separations are usually performed by extracting the target compound into the organic phase for purification, enrichment, and pollution remediation. As with cleaning, coating, and synthetic applications, it is advantageous to replace the organic solvents used in liquid extractions with solvents that are environmentally friendly. In some cases it is beneficial to implement new separation techniques that reduce the need for large volumes of organic solvents. Among these, liquid extraction techniques employing supercritical fluids and aqueous formulations containing surfactants or soluble polymers are most frequently considered because of their environmentally friendly characteristics and because they often afford increased extracting strength.
Supercritical Fluid Extraction.The characteristics of supercritical fluids make them ideal for the recovery of natural products (144) . As a result, the food industry was among the first to implement supercritical fluid extraction (SFE) widely using CO2. Not only is this process environmentally benign, it is also nontoxic, a primary concern when manufacturing edible products. Applications in the food industry include coffee decaffeination, and processes involving hops, vanilla, paprika, celery seed, and chili peppers (145) . In one example, the extraction of grape seed oil using SFE yielded a final product of better quality than that obtained using conventional extraction (144 (150) .
Aqueous Surfactant and Macromolecular Solutions. Removal of organic or heavy metal ion contaminants from aqueous streams can be achieved using a variety of different separation strategies, one of which is solvent extraction. Potential countercontamination of the streams being treated with the extracting solvent can be avoided by eliminating the organic solvent altogether in favor of aqueous-based solvent systems that rely for their effectiveness on the presence of dissolved surfactant micelles or polymers. These aggregates or polymers can solubilize organic solutes within the aqueous phase or form complexes with the metal ions to be removed. The question to be addressed is "how are the aqueous-based solvent systems to be separated from the treated feed stream?" Christian and Scamehorn (151) successfully investigated the use of ultrafiltration for the retention of the surfactant micelles, whereas Hurter and Hatton (152) argued that efficient separations could be obtained by exploiting the countercurrent principles entrenched in chemical engineering unit operations. They suggested that the micellar solutions be introduced to the lumens of a hollow fiber ultrafiltration unit and that the feed solution be introduced to the shell side of the unit at the opposite end of the module. The two streams then flow countercurrently, and the solute diffuses across the membrane from the shell side to the micellar solution, where it is taken up by the apolar micellar cores. The purpose of the membrane is to prevent the micelles from mixing with the aqueous feed stream.
A particularly important class of surfactants for the solubilization of organic compounds in aqueous solutions is the polyethylene oxide-polypropylene oxidepolyethylene oxide family of block copolymers (152, 153) . These polymers form polymeric micelles that have a high capacity for the solubilization of organic compounds. Recovery of polyaromatic hydrocarbons (PAHs) by using block copolymer micelles in hollow-fiber membrane extraction was successfully demonstrated by Hurter et al. (154) . The high capacity of block copolymer micelles for trace contaminants offers the possibility of tailored design of block copolymers for future separations. An advantage of these polymeric micellar systems is that the micelles form only above a certain temperature, called the critical micelle temperature (CMT). When the loaded micellar solution is cooled below the CMT, the micelles dissolve and the PAH precipitates out of solution, thus enabling the simple and efficient regeneration of the micellar solution. These results and concepts have been confirmed by the more recent work of Lebens and Keurentjes (155) .
Water-based solvent systems originally developed for the separation and purification of proteins and other biomaterials (156) have been suggested for the treatment of contaminated aqueous waste streams. Certain pairs of water-soluble polymers are incompatible in solution together, and this can lead to phase separation in which two phases are formed. Both phases are predominantly water, and each contains only one of the two polymers. Similar phase behavior results with some polymers and high concentrations of organic salts. The properties of the two phases ensure that the environment-afforded targeted species is different in the two phases. This provides the driving force for separation of different species. A commonly used phase-forming polymer is polyethylene glycol (PEG), which may or may not be derivatized to impart added selectivity to the separation. Rogers' group has investigated the potential for using such systems for the separation and recovery of environmentally toxic heavy metals (157) and of pertechnetate from simulated Hanford tank wastes (158) . The removal of color from textile wastes has also been addressed using such systems (158) , which have the advantage that they are are not organic-solvent based, are primarily water, and the PEG polymers used for phase separation are virtually nontoxic and nonflammable, are inexpensive and available in bulk, and have reasonable phase separation characteristics. As solvent replacements, then, PEG-based aqueous biphasic polymer systems are an environmentally favorable alternative to traditional organic solvent phases.
Another class of solvents that appears to have significant appeal for green processing of metal waste solutions relies on solventcoated magnetic particles dispersed within the feed phase to be treated (159, 160) . Once the desired solutes have been removed by extraction, these particles can be recovered conveniently using magnetic filtration.
Computer Simulations
As computers become more pervasive and increasingly powerful, specialized programs and databases are being developed to assist in a wide variety of research efforts. This is true in the search for solvent alternatives, and in this section we review the application of computers to solvent substitution studies, and cover computer-aided molecular design of new solvents, methods developed for the prediction of physical properties, methods for predicting less precise chemical characteristics such as toxicity and carcinogenicity, and computer-aided design of alternative synthetic pathways. These tools may assist the scientist in two ways. First, the design process can be optimized with the use of more complex constraints than could otherwise be handled. Second, in some cases the need for time-consuming and costly physical or chemical property measurements can be eliminated with the use of estimation techniques for properties of interest.
Computer-Aided Selection of Replacement Solvents
Several methods have been proposed to guide the solvent replacement process for the many applications described above. These efforts attempt to build an organized framework for this process and provide a substantial improvement over previously ad hoc or trial-and-error approaches to solvent replacement. An excellent example is the approach of Joback (161), who outlines a methodology for the selection of replacement solvents for various processes such as extraction or cleaning. There are basically four steps to this process: identify constraints on important solvent properties, compile data for all properties, rank solvents satisfying the target constraints, and evaluate top solvent candidates using simulation.
Constraints on the selection of a solvent are diverse. Environmental, safety, health, reactivity, stability, and regulatory considerations must be considered. To optimize solvent selection, these constraints must be quantified in terms of physical or chemical properties or molecular structure. Given that a number of properties can be determined to govern the constraints on the solvent application, accurate property values must be found in the literature, measured, or estimated. For compounds with unknown properties, measurement is often too costly to consider, so various property estimation techniques must be employed. For the third step, given the previously defined constraints imposed by the application, all candidate solvents are screened after which the remaining candidates can be put through a more rigorous trade-off analysis. If no solvents survive the screening, it must be determined which constraints can be eased until likely candidates appear. With available process simulation tools (Table   9 ), different solvent candidates can then be evaluated through the whole solvent life cycle. Additional costs and constraints, such as solvent storage, transportation, regulation and disposal costs, to name a few, must be considered outside those normally considered in a process simulation.
To perform a procedure such as that described by Joback (161), a significant amount of information must be obtained on the solvents considered and their impact. There are many sources of solvent information available now on computer through the World Wide Web, several of which are summarized in the Appendix. Information on physical and chemical properties, government regulations covering the use of many solvents, and examples of successful solvent substitution efforts can now be readily accessed on the Web. The software used to evaluate candidates through simulation is generally a commercially available process simulator software package such as Aspen Plus, Pro II, and others (Table 9 ). These programs allow the simulation of engineering and operating problems, from the unit scale to full plant simulations. The impact on the entire plant of a proposed solvent substitution can be estimated using such a program.
Computer-Aided Molecular Design ofNew Solvents
Much current research on solvent substitution takes the process a step further than a simple screening of existing solvents by using an approach consisting of building new molecules from substituent molecular subgroups and using methods for predicting molecular properties from structure. This is done in the framework of a system in which the rules for the constraints to the solvent selection are defined and an optimization is performed. Several different approaches are used, with the most work published on algorithms using UNIFAC subgroups as a basis.
Development of the UNIFAC methodology by Fredenslund et al. (162) for the prediction of properties based on a group contribution approach stimulated much work in the area of computer-aided solvent design. The basis of the UNIFAC approach is the definition of submolecular groups (e.g., CH2, CH3, CH30, CH2C1, OH) and the fitting of a given molecular property or activity coefficient to a sum of contributions based on the subgroup molecular volume and interaction terms between the groups.
Separation processes (both liquid-liquid and gas-liquid) are a key element in many industrial processes. For this application, solvent molecules are built from UNIFAC submolecular groups, and the relevant properties of the new molecules such as distribution coefficients and selectivities are estimated. Strategies for the design of solvents for separation processes were initially formulated by Gani and Brignole and later extended to better model the processes of solvent synthesis, solvent evaluation, and solvent screening (163, 164) . Gani and Fredenslund (165, 166) later expanded their computer-aided molecular design approach, and provided additional examples of the application of this approach to the selection of refrigerant alternatives, liquid-liquid extraction, azeotropic and extractive distillation, and gas absorption. Naser and Fournier (167) also employed UNIFAC group contributions, and developed a continuous optimization approach, as opposed to the combinatorial optimization approaches of (173) used a genetic algorithm to design molecules for given property constraints; this allowed a search over more diverse properties than possible with traditional algorithms. A design of an optimal polymer is given as an example. Meniai and Newsham (174, 175) applied Monte Carlo simulations to develop relationships between the solute binding energy and both the solvent selectivity and the partition coefficient. This method is useful in designing liquid-liquid extraction processes.
Prediction ofPhysical Properties from Molecular Structure
At the core of many of these algorithms for solvent substitution is a method for predicting the properties of proposed molecules, given only the molecular structure. Much work has been done in this area alone, and several programs have been developed to guide this process. Some of these programs are listed in Table 9 . Additionally, process simulation software such as Aspen Plus contain several different approaches for the prediction of properties from molecular structure.
Two different approaches for property prediction are apparent, one based on group contributions and one based on contributions influenced by more than just the immediate sum of group contributions, such as that captured by the topological descriptors (176) . The first approach is the basis for programs such as the SRC and ACD programs, while the latter is used in MOLCONN, ADAPT, and CODESSA (Table 9 ) (177) .
As an example, consider the prediction of aqueous solubility from molecular structure. The group contribution approach has been broadly applied, as reviewed by Yalkowsky and Banerjee (178 (185, 186) .
Prdiction ofToxicology and Related Parameters
Process simulation is a key tool in computer-assisted solvent substitution. Often the key to a successful simulation is selection of adequate models for the predict physical properties used in the simulation, as reviewed by Carlson (187) . More complicated than the prediction of physical and chemical properties is the prediction of more loosely defined molecular characteristics such as toxicity. These properties are not traditionally included in process simulation software, so special attention must be paid to their prediction.
Traditionally, synthetic chemists focused on ease of synthesis and commercial use in chemical design. With (180, 181) , who developed a series of topological descriptors called molecular-connectivity indices, and correlated toxicity and carcinogenicity with these indices. The fundamental concepts of the use of topological descriptors to predict chemical behavior has been summarized by Rouvray (176) .
An example of another approach is DEREK (191, 192) , a publicly available expert system designed to assist chemists and toxicologists in predicting toxicological hazards based on analysis of chemical structure (Table 9) . DEREK (194) .
Several programs have been developed to assist in this process. The CAMEO program (Table 9 ) uses a mechanistic approach to make predictions and does not rely on data tables of specific reactions. Consequently, it is capable of predicting novel chemistry. Given the reactant molecules and reaction conditions, CAMEO evaluates the reactions and suggests products. Another program, LHASA ( (196) .
Modi et al. (197) have developed a software system, SMART (Solvent Measurement, Assessment and Revamping Tool) that allows assessment of solvents used for batch processing based on both empirical data and property estimation methods. This system includes a new conjugationbased method for the estimation of reaction rates in solution, which is based on the concept that the absolute reaction rate coefficient can be obtained from a function dependent on the change in molecular charge distribution between reactants and activated complex (198) .
Conclusions
Solvent replacement technology is a diverse field that affects many industries. It is a field driven by regulations implemented to protect our environment and health rather than for purely economic or scientific reasons. However, these regulations often translate to economic incentives and have given rise to many exciting and innovative technologies that otherwise might never have been developed.
In the cleaning and coatings industries, heavy government regulation has prompted the development of greener products, although the selection process for these new commercial products seems to be one of trial and error until a cost-effective solution is found. For A number of available software packages are useful for implementing pollution prevention in manufacturing processes. These packages apply to different organizational levels of decision making (policy, management, or operations) and reflect different degrees of pollution prevention orientation. For example, although some packages are explicitly designed for pollution prevention, others do not explicitly include pollution prevention components but could still be useful if applied to pollution prevention. The purpose of the survey is to identify gaps in the available packages that represent opportunities for software development and to identify particular software packages that represent opportunities for value-added extension or enhancement. To 
